In the present work we propose a new approach for predicting the best glass-former composition(s) in multi-component metallic glasses. By applying the criterion, a topological instability criterion proposed to predict the crystallisation behaviour of Al-based systems, we show that it is also successfully possible to reproduce compositional ranges where binary and ternary bulk metallic glasses (BMGs) have recently been obtained. Our results indicate that the good glass-former composition(s) lie(s) within fields of mutual and simultaneous topological instability of all the crystalline phases competing with glassy phase.
Introduction
In a previous work 1) we have proposed a simple topological instability criterion ( criterion) for the prediction of crystallisation behaviour in multicomponent Al-TM-RE (TM: transition metals; RE: rare-earth elements) glassformer alloys. In our criterion the topological instability condition for binary alloys 2) was extended to multi-component Al based systems of generic composition AlB cB -C cC D cD . . .Z cZ , where B through Z represent different TM and/or RE solute elements, with corresponding c i atomic concentrations and r i metallic radii. The criterion is then represented by eq. (1) .
According to this criterion amorphous alloys with > 0:1 crystallize after a clear glass transition temperature, T g , thus exhibiting a supercooled liquid region, ÁT X ¼ T x À T g , where T x is the first crystallisation onset temperature. Alloys with such behaviour are then classified as glassy alloys. On the other hand, amorphous alloys with < 0:1, classified as nanocrystalline alloys, are characterised by primary crystallisation prior to the glass transition temperature, which is then not detected by conventional calorimetry. An intermediate behaviour is observed during crystallisation of amorphous alloys with % 0:1 when nanocrystallisation can be preceded by a glass transition. For ternary alloy systems, the line of compositions whose is equal to 0.1 ('' 0:1 line''), divides the compositional triangle into regions where is either higher (crystallisation behaviour of glassy alloys) or lower (crystallisation behaviour of nanocrystalline alloys) than 0.1. As indicated in Ref. 1) a large number of experimental results available in the literature support the correlation between and the crystallisation behaviour in multicomponent Al-TM-RE amorphous alloys.
In addition, the parameter can be also associated with the glass stability and the glass forming ability (GFA) within each Al-based system. For instance, the glass stability measured by the crystallisation temperature, T x , increases with increasing values of (for > 0:1). 3, 4) The best glass former compositions for Al alloys are often observed in the glassy compositions with % 0:1.
5,6)
In fact, glassy behaviour during crystallisation is the typical behaviour of good glass former compositions, as indicated by the following most widely used parameters proposed to estimate the GFA of BMGs: (1) the reduced glass transition temperature (T g =T m ), 7) (2) the supercooled liquid region ÁT X (¼ T x À T g ) 8) and (3) 
9) Despite the fact that none of these can be considered a universal parameter, some important correlation between the critical cooling rate for overcoming crystal nucleation and growth, the T g =T m ratio, and the maximum sample thickness for fully amorphous structure, have been observed in many alloy systems. 8) In the present work we indicate that there is also a correlation between the values of any given alloy with its glass forming ability, extending therefore, the criterion to be used for design and selection of easy glass-former composition.
Methodology
The strategy we propose for using the criterion for the selection of good glass former compositions is to avoid the compositions fields associated with primary crystallisation in any metallic alloy system. Primary crystallisation here is defined as the first phase, and is either solid solution or intermetallic compound, to appear during crystallisation of the amorphous BMG.
Similar to others topological models 2, [10] [11] [12] we propose that to obtain BMGs or glassy alloys, or even to pinpoint the best glass-former alloys within a composition range, it is necessary to avoid the topological stability range of competing crystalline compounds, either stable or metastable ones.
According to the criterion, primary phases are topological stable whenever their corresponding 0:1; therefore, the composition ranges for topological instability are those corresponding to values of the parameter larger than 0.1. Such condition of > 0:1 also satisfies the requirement of glassy behaviour on crystallisation observed in good glassforming alloys.
Since in the general case of glass-former compositions there would be several competing crystalline compounds we must identify the compositions satisfying the conditions of values larger than 0.1 for all crystalline compounds.
From its definition 1) the criterion can be calculated using the atomic radii of solute and solvent or the corresponding atomic volumes (eq. (1)). The approach now proposed for the calculation of the values uses molar volume instead of atomic volumes with the assumption that each intermetallic compound acts now as the solvent, primary phase to be destabilized. For any metallic matrix, eq. 1 can be written as:
where r i is the solute radius and r 0 the solvent radius. Eq. 2 can be re-written using atomic volumes (with
where V i is the volume of the solute atom and V 0 is the volume of the solvent atom.
The molar volume V m of a pure metal can be written as:
where V is the atomic volume, P f the packing factor and N the Avrogrado's number; therefore we can also write:
and
Substituting (5) and (6) in (3) we have:
Considering that the packing factors in eq. 7 are the same or very similar, then:
The maximum error that can be associated with eq. 8 in the case of pure metals with ccc or cfc structures is 8%.
Eq. 8 can also be used for intermetallic compounds but in this case C i represent the molar fraction of the compound. The molar volumes of the intermetallic compounds can be obtained from JCPDS files or calculated/estimated by using eq. 9.
where n j is the number of ''j'' atom and V j is the atomic volume of the ''j'' atom, both in the unit cell of the intermetallic compound.
Assuming a packing efficiency factor for the fcc cell of 74% the maximum error for value from eq. 7 is about 10% since actual packing factors for crystalline compounds typically lie in the range of 68% to 74%. For pure metals and considering a constant packing factor, there is no difference in using atomic radius or volume when calculating molar volumes.
Results and Discussion
We apply the criterion initially for the Zr-Cu system. The values of were calculated for compositions around each intermetallic compound by the addition of either Cu or Zr atoms in the intermetallic matrix remembering that the intermetallic compounds are now considered the primary phase to be topologically destabilized. Values of were also calculated in relation to the terminal solid solutions (Cu-rich and Zr-rich). Figure 1 shows the Cu-Zr phase diagram with indication of the compositions ranges where < 0:1 (black horizontal bars) or > 0:1 (grey shaded areas) for all the stable phases, that is, Cu and Zr terminal solid solutions and intermetallic compounds. Such calculations result in four composition ''windows'' (represented by the grey shaded areas) delimiting compositions where > 0:1. Compositions within the windows satisfy the first condition to be candidate for good glass former composition.
The second condition is related to the kinetics of crystallisation of the primary phase. Primary dilute solid solutions, as pure metals, requires a very high cooling rate to suppress their formation and therefore are not considered in the scope of the topological instability concept.
2) Therefore compositions within the two windows associated with the terminal solid solutions cannot be considered as good glass former candidates.
The same kinetic argument is relevant for some offeutectic compositions. For such compositions, irrespective of the order of the system (number of components), solidification always sets in with/through the precipitation of a ''primary phase'' whose complexity depends on the phase structure; either a terminal solid solution or an intermetallic Fig. 1 Cu-Zr binary system. (-) the composition range of < 0:1 for the crystalline phases. (grey shaded area) the > 0:1 windows. (X) experimental data; numbers above experimental data indicate the maximum amorphous thickness in mm. [13] [14] [15] [16] compound. Kinetic considerations guide us to avoid primary solid solution phase fields, choosing instead compositions that fall outside adjacent intermetallic ''primary phase stability fields''. Glass formation at these compositions would thus be facilitated by the need of severe atomic rearrangements for the crystallisation of the primary intermetallic phase.
The crosses in Fig. 1 indicate the available experimental data from the literature for Cu-Zr compositions that form BMG. [13] [14] [15] [16] A good match between the experimental compositions and the positions of the windows of mutual and simultaneous topological instability is observed. For compositions around 36 at% Zr the experimental data from the literature also indicate glass formation outside the > 0:1 window. However, the best glass formers are located exactly within the window, as indicated by the thickness of the BMGs in the expanded scale at the top of the phase diagram. For compositions around 50 at% with a wider composition window the match is also quite good.
We must comment on the special condition for the CuZr intermetallic compound. This compound is stable only at temperatures higher than 715 C, far above T g and therefore will have less driving force to be formed during solidification at high cooling rate in comparison with the two stable phases, Cu 30 Zr 7 and CuZr 2 . Therefore, only these two stable phases are considered competing crystalline phases for the calculation of values.
The same criterion approach can be used for ternary systems and Figure 2 shows, for the Al-Zr-Cu system, the fields corresponding to > 0:1 (grey shaded areas), calculated considering all the reported phases for this ternary system. Again, the shaded areas indicate compositions that satisfy a first condition (topological) for glass formation. It is important to notice, however, that the precision of such approach will depend on the available information concerning the crystalline phases in each system (number and identity of such phases); the more information we have the narrower the > 0:1 areas can be. Figure 3 indicates the compositions of bulk samples reported in the literature [13] [14] [15] [16] [17] [18] [19] [20] in a special region of the ternary Cu-Zr-Al system (30 to 75% Cu in the Zr-Cu line). Also indicated in this figure are the corresponding maximum sample diameters for each composition and we can observe nice correlation of the > 0:1 regions with the successful experiments to produce bulk glasses. Figure 4 shows the supercooled liquid temperature range, ÁT x , fields for compositions of bulk samples reported in 21) in a special region of ternary Zr-Ni-Al system (Zr rich region). The range of ÁT x increases when we move away from < 0:1 regions, with best ÁT x values inside a > 0:1 region. Since ÁT x is a parameter frequently used to estimate the GFA, 8) the topological instability criterion for the condition of > 0:1 can be successfully used to indicate compositions regions with good GFA.
Conclusions
Topological instability, as defined by the parameter, can be a useful criterion for design and selection of easy glassformer compositions in metallic systems.
Best glass-former compositions will lie within fields of mutual and simultaneous topological instability of all crystalline phases competing with glass formation.
Such compositions fields can be indicated by a simple methodology associated with values of parameter larger than 0.1, avoiding the compositions fields associated with primary crystallisation (defined as the first phase, and is either solid solution or intermetallic compound) in any metallic alloy system. 
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Maximum sample thickness of glassy alloy Cu atomic percent Al atomic percent Fig. 3 Compositions of bulk samples reported in the literature [13] [14] [15] [16] [17] [18] [19] [20] in a special region of ternary system (30 to 75% Cu in the Zr-Cu line). 
